Direct evidence for the link between stem diameter variations (SDV) and the daily canopy water status, i.e., daily water potentials (Ψ), is rare, particularly for tall trees. It thus remains unclear up to what degree SDV readings are useful to estimate daily canopy Ψ. We measured SDV with point dendrometers at the stem base of tall, mature individuals of six European forest tree species in a nearnatural temperate forest and compared them with daily canopy Ψ during the growing seasons of 2014 (wet) and 2015 (dry). Stem diameter variations were de-trended for growth with two different approaches leading to the so-called tree water deficit (TWD). We found that midday Ψ can be predicted from TWD, independent of the growth-de-trending procedure to obtain TWD from SDV. Further, daily TWD was a better indicator for daily midday Ψ, particularly under dry conditions, than maximum daily shrinkage, another common quantity derived from SDV. Based on data from six temperate tree species, we conclude that TWD measured at the stem base is a consistent proxy for daily canopy midday Ψ of tall trees over the entire range of measured conditions.
Introduction
Daily stem diameter variations (SDV) in trees have become a frequently used and intensively discussed research tool in plant ecophysiology (De Swaef et al. 2015) . Measured by sensitive girth tapes or point dendrometers (e.g., Linear Variable Differential Transformers or potentiometers) at the base of the stem, SDV have been shown to be sensitive to both radial growth and the water-related shrinkage and refilling of the stem tissue (Kozlowski and Winget 1964) . Radial growth means the irreversible radial expansion of the stem as a consequence of the development of newly formed sapwood and bark tissue cells but does not include secondary growth (cf. Cuny et al. 2015) . Reversible radial stem shrinkage and expansion is caused by changing water contents of stem tissues, mainly the bark (De Swaef et al. 2015) .
Stem shrinkage and refilling typically follows a diurnal pattern with a minimum stem radius in the afternoon and a maximum stem radius in the early morning. It is proportional to the loss of water from elastic tissues and can cover up to 100% of the transpired water on a cloudy day Hasler 2001, De Schepper et al. 2012) . The shrinkage of tree stems has mostly been attributed to the water depletion of bark cells (i.e., living phloem, fibrous phloem and the living and dead cells of the phellem). This can be explained by dynamic flow-and-storage processes (based on Ohm's law) driven by water potential (Ψ) gradients between the different compartments of the soil-treeatmosphere system (Kozlowski 1972 , Steppe et al. 2006 , De Swaef et al. 2015 . Differences in Ψ induce a progressive water flow from the point of higher to the point of lower Ψ, i.e., a radial transport of water between the stem sapwood and the bark. During daytime, this results in water flow from the bark to the xylem inducing a water content-related shrinkage of the bark cells. During the night, water potentials and flows are reversed resulting in the rehydration and reexpansion of the bark cells. Depending on the species, the shrinkage of the stem can additionally be attributed to the elastic behavior of the xylem (Sevanto et al. 2002 , Zweifel et al. 2014 , Pfautsch et al. 2015a , 2015b . The xylem elasticity itself has been explained to be a function of wood density (Scholz et al. 2008 ) and/or specific tissue elasticity (Zweifel et al. 2014) .
In dry periods when soil water potential (Ψ soil ) progressively decreases, Ψ in trees does not fully recover during night-time, which in turn slows down the rehydration of the bark tissue. In such cases, the elastic stem tissues are not completely refilled during the night and the stem remains in a partly shrunk state (Kozlowski and Winget 1964, Zweifel et al. 2001) . Over time, this can lead to a marked gross shrinkage of the stem. Several authors have thus proposed a link between SDV and the overall water status of the tree that is typically described by Ψ leaf or Ψ branch (Klepper et al. 1971 , Hellkvist et al. 1980 , Irvine and Grace 1997 , Ueda and Shibata 2001 , Zweifel et al. 2005 . Stem diameter variation (SDV) reflecting canopy Ψ is of high interest because it could strongly simplify the assessment of the water status of tall trees, which otherwise can only be determined by accessing the canopy via tree climbers, branchshooting or a canopy crane to measure Ψ in the crown. Most importantly, SDV could provide continuous information on tree water status when automated dendrometers are used, thereby providing high-resolution information on tree and forest health in experimental and monitoring studies (Zweifel 2016) .
Different approaches have been proposed for the calculation of SDV-derived variables reflecting the water status of a tree ( Figure 1) . A frequently employed approach to assess the daily water status of a tree via SDV uses the maximum daily shrinkage (MDS) of the tree stem (Conejero et al. 2007 , Velez et al. 2007 , Fernández and Cuevas 2010 , Puerto et al. 2013 . Good linear relationships between MDS, Ψ stem (measured with a psychrometer) and Ψ leaf have been reported for grapevine, citrus, peach and plum trees when assessed over relatively short time periods (a couple of weeks to a few months) under mostly well-watered conditions (DeSwaef et al. 2009 , Fernández and Cuevas 2010 ). Significant relationships between MDS and Ψ stem or Ψ leaf have also been found in timber plantations and forests (Lassoie 1973 , Braekke and Kozlowski 1975 , Zweifel and Hasler 2001 , Cermák et al. 2007 , Deslauriers et al. 2007 , Turcotte et al. 2011 , King et al. 2013 , Biondi and Rossi 2014 . As an alternative to MDS, the progressive shrinkage of the stem over longer time periods called tree water deficit (TWD) (Hölttä et al. 2005 , Zweifel et al. 2005 , Drew et al. 2011 , Brinkmann et al. 2016 has been shown to also correlate with Ψ stem and Ψ leaf in tree species (McBurney and Costigan 1984 , Milne 1989 , Irvine and Grace 1997 , Offenthaler et al. 2001 , Daudet et al. 2005 , Ehrenberger et al. 2012 . In essence, TWD is the difference between the theoretical radius of a tree at full hydration and its current actual radius (Figure 1 ). TWD is thus an indicator for the absolute water deficit of the stem. It equals zero when the tree's tissues are fully hydrated. Therefore, and in contrast to MDS, TWD allows accounting for accumulated water deficits also over extended periods (few days to months) of drought. Despite the potential of SDV measurements, important uncertainties remain for the application of TWD and MDS as a Figure 1 . Exemplary stem radial growth curve during 60 days of the 2015 growing season and visualization of the different approaches for calculating TWD we used for our investigations. TWD1 and TWD3 are relating to the daily maximum, TWD2 and TWD4 are referring to the daily minimum in stem diameter. Maximum daily shrinkage is considered to be the difference between the daily maximum occurring in the first half and the daily minimum occurring in the second half of the day.
Tree Physiology Volume 38, 2018 proxy for canopy Ψ of tall and mature trees and a comparative empirical assessment of the relationship between different SDVderived variables and canopy Ψ of mature trees is still missing. In particular, it remains unclear whether TWD could potentially be underestimated by a growth-induced stem radius increase during times of water deficit (Kozlowski 1972 , Zweifel 2006 , Chan et al. 2015 , Mencuccini et al. 2017 ) and whether MDS is reliably applicable as a proxy for the water status of the canopy during longer dry periods Castel 2007, Puerto et al. 2013) .
In addition to the above uncertainties, a mechanistic explanatory concept for the qualitative and quantitative assessment of daily tree canopy Ψ using TWD from automated stem diameter measurements does not exist yet. We propose here that the relationship between TWD and canopy Ψ follows a logistic pattern (Figure 2 ): when canopy Ψ is close to zero and the tension in the stem is low, the living cells in the corresponding tissues should be close to full turgescence and TWD, thus, close to zero (Figure 2 ). The more negative canopy Ψ becomes, the more negative Ψ stem at the base of the tree gets. However, this does not necessarily lead to an instantaneous and linear shrinkage of the bark tissue along the stem. This is because the relationship between cell turgor and cell volume depends on the volumetric elastic modulus of the cell wall, which itself is a function of turgor pressure, and varies in its steepness with a steeper slope at low turgor pressures (Steudle and Zimmermann 1977, Franks et al. 2001) . Therefore, we expect the trunk to start shrinking only slowly with the initial decrease of Ψ stem . Only beyond this slow decrease in cell volume will a linear phase of shrinkage occur, where declining Ψ stem reduces the turgor of the bark tissue cells. This linear part of the relationship lasts until the bark cells have mostly lost turgor and the protoplasts start to detach from the cell walls. From this point on, we expect TWD to asymptotically approach a maximum that cannot be further exceeded by water withdrawal from the bark cells. Since the volumetric elastic modulus of the bark cells can be expected to be speciesspecific, we assume inter-species differences in the logistic relationship between TWD and Ψ.
In the work presented here, we set out to test the general relationship between daily stem shrinkage and canopy Ψ over two growing seasons in mature individuals of six different central European forest tree species. We tested (i) how strongly MDS and daily TWD correlate with daily pre-dawn and midday canopy Ψ (Ψ pre-dawn and Ψ midday ), (ii) whether the explanatory power of the relationship between daily TWD and daily canopy Ψ changes with different approaches to de-trend SDV for growth, and (iii) whether the general relationship between daily TWD and daily canopy Ψ is of a logistic nature with saturating TWD at very negative canopy Ψ.
Materials and methods

Study site and study species
The study was conducted in a mixed temperate forest 15 km south of Basel, Switzerland, at an elevation of 550 m above sea level (47°28′N, 7°30′E) during the growing seasons of 2014 and 2015. We chose those two years because of their contrasting soil water availability (see Figure S1 available as Supplementary Data at Tree Physiology Online) to assess a range in TWD and Ψ as broad as possible. The soil of the site belongs to the Rendzina type and the shallow bedrock (starting at~1 m depth) is calcareous. The site has a temperate humid climate with mild winters and moderately warm summers. Mean January and July temperatures are 2.1°C and 19.2°C, respectively. Total annual precipitation of the region sums to~900 mm. We measured air temperature, relative humidity, precipitation and solar radiation during both years with a weather station (Davis Vantage Pro 2, Scientific Sales Inc., Lawrenceville, NJ, USA) and recorded soil water potential (Ψ soil ) at −20 cm depth and 20 cm distance from the stems of the investigated trees with a dielectric sensor (MPS-2, Decagon Devices, Pullman, WA, USA) at 10-min intervals. In 2014, we employed 20 Ψ soil -sensors and 12 in 2015. The trees of the forest are between 100 and 130 years old and have been studied very intensively as part of the Swiss Canopy Crane Project (Pepin and Körner 2002) . The forest consists of deciduous and coniferous tree species dominated by Fagus sylvatica L. and Quercus petraea (Matt.) Liebl. Other species are Abies alba Mill., Larix decidua Mill., Picea abies (L.) H. Karst., Pinus sylvestris L. and Carpinus betulus L. Average tree height is between 35 and 40 m. For this study, we performed measurements on four mature individuals of the species C. betulus, F. sylvatica, L. decidua, P. abies, P. sylvestris and Q. petraea, resulting in a total of 24 investigated trees (Table 1) . Larix decidua was only investigated in 2015. Tree Physiology Online at http://www.treephys.oxfordjournals.org
Dendrometer measurements
Each investigated tree was equipped with a point dendrometer (ZN11-T-WP, Natkon, Oetwil am See, Switzerland) installed at 2 m height at the north-east facing site of the stem. The electronic part of the dendrometer was placed on a carbon frame, which itself was anchored in the stem with three stainless steel rods, holding the pin of the dendrometer to point towards the center of the stem. In species with rough bark the surface of the dead bark beneath the pin of the dendrometer was carefully flattened to provide an undisturbed point of contact for the pin. Data were recorded every ten minutes with a logging node (Channel Node, Decentlab GmbH, Dübendorf, Switzerland) wirelessly transmitting onto a data logger (Base Station, Decentlab GmbH) and broadcasting the data to a server via cellular network. For visualization of the trees' growth and radius variation on a species level (species means), we first calculated relative radius values for each individual tree to reduce noise in the species-specific mean radius curves resulting from small but significant differences in diameter at breast height (DBH). This was done by dividing the radius values by the overall maximum radius measured over both growing seasons (values given in %).
Water potential measurements
Pre-dawn water potential (Ψ pre-dawn ) and midday water potential (Ψ midday ) were measured with a Scholander pressure bomb (Model 1000, PMS Instruments, Albany, OR, USA) on terminal shoots form the upper part of the sunlit crown of each investigated tree. A gondola operated by a canopy crane provided canopy access. We measured three, max. 10 cm long shoots with three to four leaves (broad-leaved) or brachyblasts (L. decidua) in the deciduous species and current year shoots in the evergreen species (P. abies and P. sylvestris). The cut surface of the shoots was smoothened with a razor blade before measuring. We did not cover the leaves in tin foil before measuring. Ψ midday was assessed around noon on 28 days at an irregular interval throughout the two growing seasons. Ψ pre-dawn was measured shortly before sunrise on nine days throughout the progressing drought in 2015.
Calculation of MDS and TWD
We determined MDS of absolute SDV by calculating the differences between the daily pre-dawn maximum and the daily afternoon minimum in stem radius (Figure 1 ). Tree water deficit (TWD) was calculated according to the two approaches of Zweifel et al. (2005 Zweifel et al. ( , 2016 : in the first approach, an envelope curve is computed as a line connecting the running maxima in the absolute stem radius (red line, Figure 1 ). This was obtained by calculating linear regression lines that interpolate between all the running maxima (the current and the next higher maximum) in stem radius over time. The difference between the respective value of the resulting line and either the daily maximum (early morning) or minimum (afternoon) in stem radius is then called TWD (TWD1 and TWD2 in Figure 1 , respectively). This approach assumes that there is a constant, unimpeded radial growth rate (cell division and expansion) in the cambium of the stem over time no matter how water-depleted the stem tissues become and how different environmental conditions are. In the second approach, a horizontal line from the current maximum stem radius is drawn to the next highest maximum stem radius in time. From there, this procedure is continuously repeated until the next respective maximum is reached, eventually terminating at the final maximum stem radius of the season. The obtained horizontal lines, therefore, always represent the value of the last maximum stem radius in time (blue line, Figure 1 ). The difference between the values of this line (i.e., the current potential stem radius maximum) and the current daily stem radius maximum or minimum is then calculated as TWD3 or TWD4, respectively. In this approach, it is assumed that growth only occurs during days when the radius exceeds the maximum radius of the previous period. In all four approaches to calculate TWD, TWD is an indicator for the absolute water deficit of the stem. It equals zero when the tree's tissues are fully hydrated. TWD and MDS were obtained in the unit μm.
In our analysis of the relationship between TWD and Ψ, we separately related Ψ pre-dawn and Ψ midday with all SDV variables. When testing the specific shape of the relationship between TWD and Ψ we focussed on the relationship between TWD4 and Ψ midday because these showed the strongest relationship in the above analysis. In all regressions, we always plotted values of TWD against values of Ψ that were obtained on the same measurement day.
Normalization of TWD and Ψ midday
To fit a sigmoidal function into the relationships between Ψ and TWD, we normalized TWD for each species. This was done to facilitate the calculation of logistic parameters by the non-linear least squares function in R (nls()). We normalized TWD by dividing daily TWD values by the highest species-specific TWD value measured over both seasons. We call normalized TWD values from here on, relative TWD. We also normalized Ψ midday in order to compare the sigmoidal relationships between Ψ and TWD across species. Since we did not have continuous data of Ψ midday over the two growing seasons we might have missed the most negative values for Ψ. It was therefore not possible to normalize the obtained values on the most negative measured values. To overcome this limitation, we calculated a reference minimum Ψ value for each species from the species-specific logistic relationship we found between relative TWD and absolute canopy Ψ midday . Given the asymptotic nature of the relationship between TWD and Ψ at very low values, we defined minimum Ψ midday to occur at a relative TWD value of 0.95.
Statistical analyses
Statistical analyses and data visualization were done using R, version 3.3.2 (R Development Core Team 2015), with its packages caTools (Tuszynski 2014) , data.table (Dowle et al. 2015) , ggplot2 (Wickham 2009 ), gridExtra (Auguie 2015) , MPV (Braun 2015) , scales (Wickham 2015) , xts (Ryan and Ulrich 2014) and zoo (Zeileis and Grothendieck 2005) . We tested if linear or logistic functions can better explain the relationships between daily TWD and daily Ψ midday . Linear fits between daily TWD/MDS and daily Ψ midday were obtained from linear models using the lm() function (y = mx + n), logistic fits were done using the nls() function with the equation:
The parameters a and b thereby determine the steepness of the curve (rate of bark depletion per MPa Ψ, a) and the inflection point of the function (Ψ at which 50% of the bark is depleted, b). We assumed P < 0.05 to represent the level of significance for all statistical tests. To quantitatively evaluate if linear or logistic regressions best explain the observed relationships, we compared the R 2 of the two functions. For this purpose, we transformed the logistic regression into a linear relationship by calculating the fitted values for Ψ and then relating them to the respective measured values of Ψ. Then we compared the R 2 values of the resulting linear relationship with those of the linear regressions. For the evaluation of the best predictive power of either linear or logistic regressions, we calculated the predicted residual error sum of squares (PRESS) (Montgomery et al. 2013) .
Results
The two investigated growing seasons differed in terms of their average meteorological conditions. The year 2014 was moist, and the year 2015 was one of the driest years on the central European weather record (Table 2 and see Figure S1 available as Supplementary Data at Tree Physiology Online; Orth et al. 2016) . Stem radius measurements showed a net growth in all species in both years and substantially more stem shrinkage during the dry periods in 2015 than in 2014 (Figure 3 ). Carpinus betulus, L. decidua and P. sylvestris showed relatively large stem shrinkage compared with their growth, whereas F. sylvatica, Q. petraea and P. abies shrank much less in relation to their growth.
Maximum daily shrinkage (MDS) generally covered the same range in both seasons for most species except for C. betulus and Q. petraea, which showed higher MDS in 2015 compared with 2014 ( Figure 4 ). In contrast, we observed strong differences in daily TWD between 2014 and 2015 for all species (Figure 4) . While daily TWD was moderate in 2014, it reached substantially larger values in 2015. Further, L. decidua and P. sylvestris showed higher TWD earlier in the dry year 2015 while TWD of the other species increased more gradually during the whole season. The absolute values of MDS and TWD were highly different among species: F. sylvatica and C. betulus had the smallest absolute shrinkage while the conifers (P. sylvestris, P. abies and L. decidua) showed the highest values (Figure 4) .
Values of Ψ midday found in the two growing seasons across species ranged from −0.66 ± 0.04 MPa (mean ± SD) in F. sylvatica to −2.7 ± 0.08 MPa (mean ± SD) in Q. petraea (see Figure S2 available as Supplementary Data at Tree Physiology Online). Ψ midday was less variable in the growing season of 2014 than in 2015. In 2015, there was a decrease of Ψ pre-dawn and Ψ midday throughout the summer (July-September) in most of the species.
Linear regressions were used to test the relationship between different SDV variables and Ψ pre-dawn and Ψ midday for each species. Maximum daily shrinkage (MDS) strongly correlated with Ψ midday of Q. petraea, L. decidua and C. betulus but weakly with Ψ midday of P. abies. No correlations between MDS and Ψ midday were found for F. sylvatica and P. sylvestris ( Figure 5 ). When moist and dry periods were considered separately, the two relationships between MDS and Ψ midday were equal for the two species Q. petraea and L. decidua, similar for C. betulus, and inverse for P. sylvestris, F. sylvatica, and P. abies (see Figure S2 available as Supplementary Data at Tree Physiology Online). Ψ pre-dawn did not correlate with MDS in any of the species (Figure 5) .
In contrast to MDS, we found strong correlations between daily TWD and Ψ pre-dawn and Ψ midday for all species ( Figure 5 ). In Table 2 . Environmental conditions during the two growing seasons (1 May-31 October) of the study period. Precipitation is the sum of all events during the season. Ψ soil is the mean of 20 (2014) and 12 (2015) sensors at depth of −20 cm (± SD). Mean daily temperature and mean relative humidity are averages of daily means (± SD). Tree Physiology Online at http://www.treephys.oxfordjournals.org general, TWD of F. sylvatica and P. abies showed better correlations with Ψ pre-dawn , whereas TWD of C. betulus, Q. petraea and L. decidua exhibited stronger correlations with Ψ midday . For P. sylvestris, there was no distinct difference between the correlations of TWD and the two canopy Ψ measures. In general, we found that TWD1 and TWD3 explained Ψ pre-dawn almost equally well. The same was found for TWD2 and TWD4 concerning Ψ midday . Yet, TWD3 correlated slightly better with Ψ pre-dawn than TWD1, and TWD4 showed a better correlation with Ψ midday than TWD2. Overall, the approach assuming no growth during stem shrinkage (TWD3 and TWD4) showed slightly better correlations to canopy Ψ. To test the shape of the relationship between TWD and Ψ midday , we used TWD4, since it revealed the strongest correlation to Ψ midday . Logistic regressions between TWD4 and Ψ midday had a slightly higher explanatory power for most species than linear functions ( Figure 6 and Table 3 ). Only for Q. petraea, the linear regression showed a slightly better R 2 than the logistic regression. Interestingly, the slope of the logistic relationship between Ψ midday and TWD4 showed substantial variability across species, with P. sylvestris exhibiting the steepest slope and Q. petraea showing the flattest slope at the point of inflection ( Figure 7A ). We calculated the predicted residual error sum of squares (PRESS) for all relationships to compare the fit of the logistic and linear functions to the measured data. The PRESS values suggested a better fit of the logistic regression than the linear regression for C. betulus and the three conifers. Only for F. sylvatica and Q. petraea, PRESS suggested a better fit for the linear regression. When tested across all species, the logistic regression between TWD4 and Ψ midday explained 2% more of the variation than the linear regression ( Figure 7B and Table 3 ), indicating that both models are almost equally good predictors of TWD. Importantly, however, the PRESS value of the logistic regression was considerably smaller than the PRESS value of the linear regression, which suggests a generally better fit and higher predictive power of the logistic function compared with the linear one (Table 3) .
Discussion
Relationship between SDV-derived measures and canopy Ψ
We found that MDS was only correlated to Ψ midday for C. betulus, L. decidua and Q. petraea, but not (or only marginally significantly) for F. sylvatica, P. abies and P. sylvestris ( Figure 5 ). Furthermore, we did not find a consistent relationship between MDS and Ψ predawn for either species, suggesting MDS to be unable to take up the long-term changes in daily canopy Ψ induced by changes in soil water conditions. In contrast to the data we show here, several previous studies have shown a close relationship between MDS and Ψ for orchard trees with increasing MDS at decreasing Ψ (Fereres et al. 1999 , Ortuño et al. 2006 and MDS has been proposed to be a useful and reliable tool to assess tree water status for irrigation scheduling in orchard science (Fernández and Cuevas 2010, Ortuño et al. 2010) . Several of these studies have, however, also indicated variations in the quality of the correlations between MDS and Ψ depending on different phenological stages over the season, temperature, fruit load and tree size (Molz and Klepper 1973, Fernández and Cuevas 2010) . Further, MDS has been shown to gradually decline when trees are experiencing poor water supply for extended periods of time , Hinckley and Bruckerhoff 1975 , DeSwaef et al. 2009 , King et al. 2013 . The reason for declining MDS with declining soil water supply is an insufficient tissue rehydration during night time, so that the stem undergoes a constant shrinkage (on a daily cadence) during dry periods. Since MDS is proportional to the volume of daily used storage water (Zweifel et al. 2000) , poor night-time rehydration, and, therefore, declining storage water, will have a decreasing effect on MDS during dry periods. We therefore conclude that while MDS is a reasonable proxy for tree water status as long as the trees are well watered, it seems not to be a reliable predictor of daily canopy Ψ over longer time scales, in particular if these include dry periods. In contrast to MDS, we found consistently strong relationships between TWD and Ψ midday and Ψ pre-dawn across the two growing seasons for all species ( Figure 5 ). Tree water deficit (TWD) is calculated as the difference between the hypothetical maximum stem size under fully hydrated conditions (with the two variations of including or not including a linear growth fraction during periods of stem shrinkage) and the current actual stem size ( Figure 1 ). As such, TWD has been proposed to be a good measure for the absolute water loss from storage tissues of a tree stem previously (Zweifel et al. 2000) and our data show that this absolute water loss is indeed tightly linked to the overall water status, i.e., Ψ pre-dawn and Ψ midday , of a tree. In a desiccation experiment, Cochard et al. (2001) demonstrated that the difference in Ψ between xylem and bark is closely related to the absolute shrinkage of branches of 18-year-old individuals of Juglans regia. Also, Drew et al. (2011) were able to show a relationship between TWD and Ψ leaf in 10 m tall individuals of Callitris intratropica. Our study corroborates these findings and shows that the previously implied relationship between SDV and canopy Ψ according to Cochard et al. (2001) and Drew et al. (2011) is not only valid for small-and medium-sized trees, but also for 30-40 m tall individuals of six different temperate tree species Tree Physiology Volume 38, 2018
and that stem and canopy water relations are tightly coupled on a daily basis. It is interesting to note that during periods of continuous tree growth over several days, values for TWD4 equal those of MDS while differences between these two variables only become apparent during longer periods of stem shrinkage. Thus, the fact that TWD4 describes daily canopy Ψ better than MDS clearly points out the advantage of the TWD over the MDS concept during longer periods of stem shrinkage. Tree water deficit (TWD) thus offers a simple approach to assess the daily water status of mature trees in experiments and monitoring studies and has the potential to substitute labor-intensive manual measurements of daily canopy Ψ, a particular challenge in tall trees.
Growth de-trending to extract TWD from SDV with little effect on findings It has been intensively discussed whether trees are able to grow during periods of stem shrinkage , Mencuccini et al. 2017 . This indirectly raises the question whether growth during stem shrinkage might confound possible relationships between TWD and the tree's water status. We employed different approaches to calculate TWD in order to assess the robustness of the relationship between daily TWD and canopy Ψ with and without considering growth to occur during periods of stem shrinkage (Figure 1) . Two of the approaches assumed no growth during stem shrinkage (TWD3 and TWD4) and two accounted for a linear and progressive growth during periods of stem shrinkage (TWD1 and TWD2). We found that all of the applied approaches led to a strong relationship between daily TWD and canopy Ψ and that potential growth processes during times of stem shrinkage were either non-existent or were small enough to not confound the relationship.
It is important to mention that the definition of growth used in our study is only accounting for primary growth leading to an increment in stem size. Not included are secondary growth processes that increase wood density without an impact on stem size (Cuny et al. 2015) . Primary growth consists of cell division and cell elongation leading to an increase in stem radius. This expansion is proposed to be strictly limited by a water potential threshold below which cells are not able to expand and elongate due to low turgor pressure in the cambium (Génard et al. 2001 , Larcher 2003 , Steppe et al. 2006 . Our results might indeed support the theory that growth is only possible above a certain threshold Ψ (Hinckley and Bruckerhoff 1975 , Zweifel 2006 and that this threshold is associated with the onset of stem shrinkage. We would like to caution, however, that there is some evidence that plant cells are able to adapt their growth processes to low Ψ (Cosgrove 2005) and that cell division (but not elongation) might occur during periods of lowered Ψ and thus periods of stem shrinkage (Ruts et al. 2012 . Growth due to newly formed but not expanding cells is, however, relatively small and would be negligible when using SDV for estimating tree water status. Tree Physiology Online at http://www.treephys.oxfordjournals.org
General pattern of the TWD-canopy Ψ relationship
We found that across all species, the logistic function explained more of Ψ midday as predicted from TWD than the linear function ( Figure 6 and Table 3 ). This is true for both the explained variance (R 2 ) but even more for the predictive power of the function (PRESS statistic). The difference in explanatory power between the two functions was also found at the species level for C. betulus, L. decidua, P. abies and P. sylvestris. No differences between the two functions were, however, found for F. sylvatica and Q. petraea (Table 3) . Our data are, therefore, in support of our hypothesis of a general logistic relationship between TWD and canopy Ψ, where TWD and canopy Ψ are decoupled at low and high canopy Ψ (Figure 2 ). The decoupling of TWD and canopy Ψ has already been reported for Norway spruce trees by Zweifel et al. (2000) . In addition to a non-linear relationship between cell size and cell turgor, the decoupling of TWD and canopy Ψ at very negative canopy Ψ could be the result of the cavitation of tracheids or vessels in the xylem and the associated loss in axial and radial conductance resulting in disproportionally lower Ψ in the canopy than at the stem base (Hölttä et al. 2002 ) thereby possibly preventing a too strong depletion of bark water storage (Vergeynst et al. 2015) .
Although our data are generally in support of the logistic function, it is important to note that our data for canopy Ψ of several species, in particular those of F. sylvatica and Q. petraea, fall mainly into the linear range of the logistic relationship between daily TWD and canopy Ψ. This is despite the fact that the summer 2015 was exceptionally dry (Orth et al. 2016 ) with canopy Ψ reaching low values for these species (Dietrich L, Delzon S, Hoch G and Kahmen A, unpublished data). This suggests that linear functions should be appropriate to predict Ψ from TWD as long as values for Ψ are not approaching zero or exceptionally negative values. Our data do caution, however, that for Ψ in the saturation regions of the curve especially during severe or extreme drought the use of linear instead of logistic functions for the continuous quantitative modeling of canopy Ψ from TWD will likely over-or underestimate Ψ. This is supported by the better PRESS (predictive power) statistic of the logistic function.
Our data also show that the shape of the logistic relationship between daily canopy Ψ and daily TWD (steepness of the function) varies depending on the respective species ( Figure 6 ). This is explicable with different wood anatomies, i.e., different hydraulic resistances to water flow in the xylem of the species and different elastic properties of the tissues involved in shrinkage (Heine 1971, Steppe and Lemeur 2007) . Plants with a higher hydraulic resistance more readily exhibit more negative Ψ at the base of the stem leading to a faster depletion of the bark tissues and, thus, a steeper relationship between TWD and canopy Ψ. This can particularly explain the steeper curves in the three conifers, which have a significantly higher vertical resistance to water flow than the other three species (Evert 2006 ). Hooke's law further predicts differences in the shrinkage of the bark tissues to be dependent on the elastic modulus of the cell walls of the cells involved into shrinkage (Irvine and Grace 1997, Peramaki et al. 2001) . Based on macroscopic considerations of the bark (e.g., bark rigidity) of the different tree species, we can expect clearly different elastic moduli.
Given the different shapes of the relationship between daily TWD and canopy Ψ, we recommend species-and site-specific calibration curves. If possible, we also suggest establishing separate relationships for daily TWD with Ψ pre-dawn and Ψ midday , since they might correlate better with different variants of daily TWD (cf. Figure 5) , and checking the consistency of this relationship across DBH and age classes since tree hydraulics have been shown to change with time (Yoder et al. 1994 , Hubbard et al. 1999 . Moreover, we recommend working with absolute instead of normalized TWD values when continuously measuring SDV in a forest, since reference values should preferably be the extreme values measured under very dry conditions to properly represent the range of Ψ that can be expected in a species. While additional assessments will further improve the predictive power of TWD values for canopy Ψ, our data show that TWD can yet be readily applied for the qualitative assessment of a tree's daily water status without further calibrations. This is especially important if no quantitative relationships could be established because of a usually limited canopy access in large trees.
Supplementary Data
Supplementary Data for this article are available at Tree Physiology Online.
